The kinetics of inhibition of human thrombin and Factor Xa by antithrombin III or heparin cofactor II were examined under pseudo-first-order conditions as a function of the concentration of naturally occurring oversulphated chondroitin and dermatan sulphates. The sulphated glycosaminoglycans (GAGs) studied were chondroitin sulphate D (CSD) (GlcA-2-SO4-GalNAc-6-SO4), chondroitin sulphate K (CSK) (GlcA-3-SO4-GalNAc-4-SO4), chondroitin sulphate H (CSH) (IdA-GalNAc-4,6-diSO4) and polysulphated dermatan sulphate (DPS) (IdA-2-SO4 or -3-SO4-Ga1NAc-4,6-diSO4). The data for the antithrombin III inhibition of thrombin showed a low degree of maximal potentiation of this interaction (-10-fold), which would appear to be characteristic of GAGs devoid of the high-affinity antithrombin III binding site. In contrast there was a greater potentiation of the inhibition of thrombin by heparin cofactor II with DPS showing an activity comparable to heparin in this interaction at a concentration two orders of magnitude lower than dermatan sulphate. DPS potentiated antithrombin III-Factor Xa interaction by 1200-fold, similar to that shown by high-affinity heparin of 6 kDa. The antithrombin III-Factor Xa interaction was potentiated by all other GAGs studied to a degree similar to that of heparin pentasaccharide with high affinity for antithrombin III. The findings suggest more stringent structural requirements for GAG stimulation of antithrombin-thrombin interaction than for antithrombin-Factor Xa or heparin cofactor-thrombin interaction, which may also be of significance in physiological control of haemostasis.
INTRODUCTION
A number of reports have shown that deficiency of the protease inhibitors, antithrombin III and heparin cofactor II, is associated with thrombotic diseases [1] [2] [3] [4] . The rate of interaction between these inhibitors (at plasma concentrations) and their target enzymes, e.g. thrombin or coagulation Factor Xa, has been shown to be rather slow and well outside the minimum proposed to exert physiological control [5] . To achieve this minimum rate it is necessary to envisage acceleration, presumably by heparin or heparin-like compounds, in or about the vasculature [6] . In this context, heparin shows unique properties: accelerating antithrombin III-thrombin interaction 10000-fold [7] ; antithrombin III-Factor Xa interaction 4500-fold [8] , and heparin cofactor II-thrombin interaction 800-fold [9] , at concentrations between 10-7 and 10-8 M. However, heparin is localized in mast cells and would not appear to be readily available for control of haemostasis [10] . Other candidates for a role in this control are the sulphated glycosaminoglycans (GAGs) lining and within the vessel wall (chondroitin and dermatan sulphate comprising 80 90 00 of the total GAG content) and heparan sulphates [6, 11, 12] . Chondroitins 4-and 6-sulphate have little or no anticoagulant properties [13] and dermatan sulphate, although causing 500-fold acceleration of heparin cofactor II-thrombin interaction, does so only at very high concentrations [9] . Charge-density properties related primarily to the sulphate content of GAGs appear to play a significant part in the anticoagulant potency of heparin and heparinoids [i4,15] , and in this present paper we have investigated the ability of naturally occurring oversulphated forms of chondroitin sulphate and dermatan sulphate to accelerate the interaction between these protease inhibitors and the target coagulation proteases.
MATERIALS AND METHODS
Human thrombin, Factor Xa, antithrombin III and heparin cofactor II were prepared as described previously [16] [17] [18] . Chondroitin sulphate D (CSD) (GlcA-2-S04-GalNAc-6-SO4) was purified from shark cartilage [19] ; chondroitin sulphate K (CSK) (GlcA-3-S04-GalNAc-4-SO4) from king-crab cartilage [19] ; chondroitin sulphate H (CSH) (IdA-GalNAc-4,6-diSO4) from hagfish notochord [19, 20] and trisulphated (polysulphated) dermatan sulphate (DPS) (IdA-2-SO4 or -3-S04-GalNAc-4,6-diSO4) from hagfish skin [21] . The sulphate/hexosamine ratio for each of the GAGs was as follows: CSD, 1.52; CSK, 1.54; CSH, 1.89; DPS, 2.1. The molecules consist, therefore, of mixtures of disaccharide units which may be unsulphated and mono-, di-or tri-sulphated according to overall sulphate content [22] .
Kinetics of interaction between protease inhibitors and coagulation proteases
The rate of interaction between antithrombin III or heparin cofactor II and thrombin in the presence of increasing concentrations of each GAG was measured using the thrombin chromogenic substrate, S2238 (Flow Laboratories, Rickmansworth, U.K.) [23, 24] . The kinetics of interaction of antithrombin III-Factor Xa were also measured using a chromogenic substrate, S2222 (Flow Laboratories) [8] . A were estimated by plotting the inverse of the rate against the inverse of the GAG concentration as described previously [23] .
RESULTS
Antithrombin III-thrombin interaction Fig. 1 shows the progressive inhibition of thrombin by antithrombin III in the presence of various sulphated GAGs (100 lOg/ml). The rate of interaction in the absence of GAG was estimated as corresponding to a secondorder rate constant of 3.5 x I05 M-l min-1 [25] . CSD showed no activity under these conditions. The acceleration of rate observed in the presence of CSK, CSH and DPS was 2.24x 10 M-m min-', 2.8 x I06 M-1 min-' and 5.6 x 10 M-1 min-', that is 6.4-fold, 8 -fold and 16- fold over basal rate, respectively. Upon reduction of the concentration of DPS, there was a very gradual decline in the observed rate and the concentration at which it was half-maximal was determined as 3 ,tg/ml or 0.15 /tM. This can be compared with values of 4 nm for heparin [26] (average molecular mass and high affinity for antithrombin III) and 3.6 /tM for pentosan polysulphate [23] . An even shallower decrease in rate was observed with reduction in the concentrations of CSK and CSH, and half-maximal decrease in rate had not occurred at 8 jtg/ml and I ,tg/ml, respectively. 
Antithrombin III-Factor Xa interaction
The inhibition of Factor Xa by antithrombin III was potentiated by all the GAGs (Fig. 2) . The second-order rate constant in the absence of GAG and presence of calcium (5 mM) was 6.3 x 104 M-1 min-1 as we have shown previously [27] . The maximal second-order rate constant in the presence of GAG was: DPS, 7.6 x 107 M-1 min-'; CSH, 5.7x106M-1 min-'; CSK, 1.8x 107 M-1 min-' and CSD, 1.1 x I07 M-1min-'. DPS showed a maximal acceleration of 1200-fold and half this rate was achieved at a concentration of 0.5 ,tg/ml (25 nM). This can be compared with a maximal 360-fold acceleration by dermatan sulphate at 200 ,g/ml (data not shown) or 190-fold acceleration at 1.0 ,ug/ml [8] for a pentasaccharide with high affinity for antithrombin III [28] . The properties of DPS are, in fact, more comparable to a high-affinity heparin of molecular mass 6 kDa [8] . Maximum acceleration by CSH was 90-fold over basal rate, similar to the maximum 100-200-fold acceleration of the antithrombin III-Factor Xa interaction which we have observed for chondroitin sulphate E (CSE) (GlcAGal-NAc-4,6-diSO4) [29] , pentosan polysulphate, a heparan sulphate, heparin pentasaccharide ( The second-order rate constant for the inhibition of athrombin is plotted against the concentration of GAG on a single logarithmic scale (demonstrating the bell-shaped nature of activity against concentration). The secondorder rate constant was calculated from the rate of inhibition of 7.5 nM-thrombin by 37.5 mM-heparin cofactor II in 0.1 M-triethanolamine/HCI (pH 7.8)/0.l M-NaCl containing 0.1 00 (w/v) polyethylene glycol 6000, in the presence of chromogenic substrate S2238 (final concentration 0.133 mM). L1, DPS; *, unfractionated heparin; A, dermatan sulphate (porcine skin). [8] 1800 [26] 3770 [26] 4700 [8] 1050 [26] 0 [26] 190 [8] 0 [23] 200 [23] 500 [24] 11 [29] 180 [29] higher acceleration by DPS over that shown by CSH may be due to the higher degree of sulphation of DPS (SO4/hexosamine ratio: CSH, 1.84; DPS, 2.1) or the presence in the molecule of IdA-2-SO4 or IdA-3-SO4: structures which have been shown to be important in binding of Factor Xa to heparin [30] .
Heparin cofactor II-thrombin interaction
The second-order rate constant for this reaction was 5 x I05 M-' min-' in the absence of GAG [9] . DPS accelerated the reaction to a maximum which corresponded to a second-order rate constant of 4.2 x 108 M-1-min-', similar to unfractionated heparin (Fig. 3) [ 26, 31] . Dermatan sulphate achieved a high rate (2.15 x 108 M-' min-'), but at a 100-fold higher concentration than DPS [9, 31] . The bell-shaped curve obtained by plotting activity against concentration of DPS is similar to that shown by heparin and is indicative of a template mechanism for acceleration of the reaction [32] . The mechanism is dependent on binding to both inhibitor and protease; at saturating levels of GAG, inhibitor and protease are bound to separate molecules which is observed as a decrease in reaction rate.
The acceleration by CSD, CSK and CSH is somewhat weaker than has been observed for other highly sulphated polysaccharides [17, 18, 31] (Table 1) and suggests a degree of specificity for such a property. Thus, the sulphation of the 6-OH of GalNAc (CSH) reduces the activity relative to dermatan sulphate, but further sulphation on the 2-or 3-OH of iduronate results in a highly potent activator of heparin cofactor II-thrombin interaction.
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DISCUSSION
The interaction between antithrombin III and thrombin is known to occur in two steps: first, the formation of a Michaelis-type complex between the two proteins and then a slower transformation in which the thrombin is irreversibly bound. The mechanism by which heparin causes acceleration of the rate of this reaction has been shown to be due to a 1000-fold increase in the stability of the Michaelis complex with no effect on the second stage [33] . A conformational change induced on specific binding of heparin by the inhibitor enhances its receptivity to binding to the enzyme [34, 35] . There is also a template effect by which the ionic binding of protease enhances its interaction with that fraction of inhibitor bound to the same molecule [36] [37] [38] . A key structural feature of the binding to antithrombin III is a specific pentasaccharide sequence on the heparin which tightly binds to the inhibitor and induces the conformational change [28, 39] . Other structural features of the heparin molecule of importance are the molecular mass, which influences heparin action as a template [40] , and also charge density, which would appear to be involved in binding of the protease [14, 15, 41] . The minimal molecular mass for heparin to accelerate the antithrombin IIIthrombin interaction is 5-6 kDa and no activity is observed below this molecular mass [40] . Acceleration of the antithrombin III-Factor Xa interaction occurs when a heparin pentasaccharide with high affinity for antithrombin III binds to the inhibitor [28] . For this reason it has been concluded that conformational change alone is sufficient to cause acceleration of this reaction. However, our own observations show that highest acceleration occurs only with heparin of molecular mass greater than 11 kDa [8] . This enhancement of activity is lost in the presence of higher ionic strength ( > 0.15 MNaCI) or when Factor Xa is bound in the prothrombinase complex, suggesting possible involvement of Factor Xa binding (template effect) in the mechanism. Heparin can also cause acceleration of the rate of interaction between heparin cofactor II and thrombin. The mechanism would appear to be similar to antithrombin III in that a template effect has been demonstrated [26, 32] and increase in charge density is associated with increased potency [41] . However, binding between inhibitor and heparin is susceptible to disruption by low concentrations of salt (>0.15 M) [26] and evidence for a specific interactive site between inhibitor and GAG is not fully established [42, 43] . Dermatan sulphate is an activator causing similar acceleration to heparin but at higher concentration [9, 31] . Also a number of synthetic heparinoids are potent activators of heparin cofactor II [18, 24] .
In this present report we have examined the properties of a number of oversulphated chondroitin and dermatan sulphates previously noted to have anticoagulant properties in vitro [44] , and which have charge densities (measured as SO4/hexosamine ratio) of greater than 1.0 and approaching that of heparin. They all have a molecular mass greater than that found previously to be necessary for template action of heparin (antithrombin III-thrombin approximately 5-6 kDa [37] ; antithrombin III-Factor Xa 10 kDa [8] Table I which shows that significant acceleration of antithrombin III-thrombin interaction is catalysed only by heparin of sufficient molecular mass. DPS has a SO4/hexosamine ratio very close to that of heparin and yet is ineffective in accelerating this reaction. Our observation does not lend support to the hypothesis that antithrombin II-thrombin acceleration can be explained entirely from physicochemical theory and that it is related solely to a minimal linear charge density [15] . Our conclusion is supported also by previous observations on the properties of pentosan polysulphate, which has a higher charge density than heparin [23, 31] . None of the GAGs tested caused any change in the conformation of antithrombin III as measured by a change in intrinsic fluorescence upon binding (data not shown). The binding affinity of the
GAGs for thrombin was also tested as we have described previously, by measuring interference in heparincatalysed antithrombin III-thrombin interaction [17] , and found for CSK, CSH and DPS to be in the range of 10--10'6 M (data not shown), as has been observed for heparin [45, 46] and previously by us for pentosan polysulphate [17] .
Although we observed these various GAGs to have little effect on the antithrombin II-thrombin reaction, they all caused very significant acceleration of antithrombin III-Factor Xa interaction at low concentrations. This acceleration was similar to that seen with the synthetic heparin pentasaccharide with high affinity for antithrombin III [8] . We suggest, therefore, from these present results that acceleration of antithrombin III-Factor Xa interaction (unlike that between the inhibitor and thrombin) does not have an absolute prerequisite for specific binding to the inhibitor. With these molecules (also shown with CSE and pentosan polysulphate, Table 1 ), acceleration comparable to heparin pentasaccharide can occur at low concentrations of GAG. Interestingly, the potency of DPS was found to be of an order of magnitude higher (comparable to 6 kDa heparin) than the other glycosaminoglycans tested, which may be attributable to the presence in its structure of IdA-2-O-SO4 shown to be of importance in binding heparin to Factor Xa [30] .
Our observations upon the influence of these GAGs in acceleration of heparin cofactor II-thrombin interaction may suggest that there is an element of specificity greater than previously supposed. A previous conclusion that there is less need for specific GAG structure arose from observations that synthetic highly sulphated heparinoids (e.g. pentosan polysulphate, dextran sulphate) of widely different structure were potent activators of heparin cofactor II [18, 24, 31] . The results reported here lead to the conclusion that possession of high charge density is not the only requirement and the spatial disposition of these and other groups are of importance.
In conclusion, we have demonstrated that the ability to accelerate antithrombin III-Factor Xa or heparin cofactor II-protease interaction, which for chondroitin 4-and 6-sulphate is negligible [13] , is considerably increased in oversulphated naturally occurring forms. In acceleration of antithrombin III-Factor Xa interaction, this potency approaches that of heparin pentasaccharide. Dermatan sulphate has weak properties, but these are increased to be comparable to heparin if oversulphation introduces IdA-2-0-S04 or -3-0-S 4 into the structure. Chondroitin and dermatan sulphate occur in high concentrations in the vasculature and whether oversulphated forms of these occur in this situation (oversulphated chondroitin sulphate is found in mammalian mast cells [47] ) and play some part in the control of haemostasis is at present under investigation.
